Proteins crucial for the respiratory chain are translated by the mitochondrial ribosome. Mitochondrial ribosome biogenesis is therefore critical for oxidative phosphorylation capacity and disturbances are known to cause human disease. This complex process is evolutionary conserved and involves several RNA processing and modification steps required for correct ribosomal RNA maturation. We recently showed that a member of the mitochondrial transcription termination factor (MTERF) family of proteins, MTERF4, recruits NSUN4, a 5-methylcytosine RNA methyltransferase, to the large ribosomal subunit in a process crucial for mitochondrial ribosome biogenesis. Here, we describe the 3D crystal structure of the human MTERF4-NSUN4 complex determined to 2.9 Å resolution. MTERF4 is composed of structurally repeated MTERF-motifs that form a nucleic acid binding domain. NSUN4 lacks an N-or C-terminal extension that is commonly used for RNA recognition by related RNA methyltransferases. Instead, NSUN4 binds to the C-terminus of MTERF4. A positively charged surface forms an RNA binding path from the concave to the convex side of MTERF4 and further along NSUN4 all of the way into the active site. This finding suggests that both subunits of the protein complex likely contribute to RNA recognition. The interface between MTERF4 and NSUN4 contains evolutionarily conserved polar and hydrophobic amino acids, and mutations that change these residues completely disrupt complex formation. This study provides a molecular explanation for MTERF4-dependent recruitment of NSUN4 to ribosomal RNA and suggests a unique mechanism by which other members of the large MTERF-family of proteins can regulate ribosomal biogenesis. mitochondria | translation | X-ray crystallography
Proteins crucial for the respiratory chain are translated by the mitochondrial ribosome. Mitochondrial ribosome biogenesis is therefore critical for oxidative phosphorylation capacity and disturbances are known to cause human disease. This complex process is evolutionary conserved and involves several RNA processing and modification steps required for correct ribosomal RNA maturation. We recently showed that a member of the mitochondrial transcription termination factor (MTERF) family of proteins, MTERF4, recruits NSUN4, a 5-methylcytosine RNA methyltransferase, to the large ribosomal subunit in a process crucial for mitochondrial ribosome biogenesis. Here, we describe the 3D crystal structure of the human MTERF4-NSUN4 complex determined to 2.9 Å resolution. MTERF4 is composed of structurally repeated MTERF-motifs that form a nucleic acid binding domain. NSUN4 lacks an N-or C-terminal extension that is commonly used for RNA recognition by related RNA methyltransferases. Instead, NSUN4 binds to the C-terminus of MTERF4. A positively charged surface forms an RNA binding path from the concave to the convex side of MTERF4 and further along NSUN4 all of the way into the active site. This finding suggests that both subunits of the protein complex likely contribute to RNA recognition. The interface between MTERF4 and NSUN4 contains evolutionarily conserved polar and hydrophobic amino acids, and mutations that change these residues completely disrupt complex formation. This study provides a molecular explanation for MTERF4-dependent recruitment of NSUN4 to ribosomal RNA and suggests a unique mechanism by which other members of the large MTERF-family of proteins can regulate ribosomal biogenesis. mitochondria | translation | X-ray crystallography D eficient oxidative phosphorylation is heavily implicated in human disease and aging and this has led to a surge in the interest to understand underlying molecular mechanisms (1) . Regulation of mitochondrial DNA (mtDNA) expression is of key importance for control of oxidative phosphorylation capacity because mtDNA encodes 13 essential subunits of the respiratory chain and the ATP synthase (2) . Despite its importance, the regulation of mtDNA gene expression in response to cellular and metabolic demands is only partly understood. The basal machinery responsible for transcription initiation in mammalian mitochondria is a three-component system (3), consisting of the mitochondrial RNA polymerase, mitochondrial transcription factor B2 (TFB2M), and mitochondrial transcription factor A (TFAM) (4) . In addition to its role in transcription, TFAM also has a role in fully coating and packaging mtDNA into nucleoids (5) . There have been several reports of factors implicated in stimulation of the basal transcription machinery, but there is as yet no consensus about the role of these putative additional transcription activators, as exemplified by the debate surrounding the role for the ribosomal subunit MRPL12 in transcription (3, 6) . Transcription may also be regulated at the level of termination via the binding of mitochondrial transcription termination factor 1 (MTERF1) to a 28-bp region directly downstream of the two rRNA genes (7, 8) . MTERF1 belongs to the large MTERF family with many members in metazoans and plants (9) . In mammals, a total of four members are known and MTERF1, MTERF2, and MTERF3 have all been suggested to interact with the promoter region and stimulate (10, 11) or repress transcription initiation (12) . The structures of MTERF1 (13, 14) and MTERF3 (15) have previously been solved and are composed of several repeated MTERF-motifs, each consisting of three α-helices forming a triangular-like structure. The MTERFmotifs form a half-doughnut-shaped, right-handed superhelix, where the concave side displays a positively charged path for nucleic acid interaction. Recently, a new role for a member of the MTERF family was revealed, as MTERF4 unexpectedly was shown to be essential for mitochondrial translation (16) . MTERF4 forms a stoichiometric complex with NSUN4 (a 5-methylcytosine RNA methyltransferase) and is required for the recruitment of NSUN4 to the large ribosomal subunit to accomplish an essential, but still poorly defined, step in ribosomal biogenesis. Loss of this targeting has dramatic effects, mitochondrial ribosome biogenesis is stopped, thereby causing an effective halt of mitochondrial translation.
NSUN4 belongs to a family of RNA 5-methylcytosine (m5C) methyltransferases (MTases) present in all kingdoms of life (17) . The crystal structures of the RNA m5C MTases RsmB and RsmF in prokaryotes (18, 19 ) display a conserved MTase domain flanked by variable N-or C-terminal extensions proposed to function as RNA-binding modules. The methyl donor S-adenosyl-L-methionine (SAM) is bound at the base of a positively charged cleft in the MTase domain near two conserved cysteins important for the methylation mechanism. The cleft is large enough for binding a specific stem loop in 16S ribosomal RNA (rRNA) to methylate specific sites. There are several examples demonstrating that methylation of rRNA is important for ribosome biogenesis. In yeast, the RNA m5C MTase Nop2p (20) and Nop8p (21, 22) are essential for assembly of the large ribosomal subunit. In mitochondria, TFB1M dimethylates two adenines in a conserved stemloop at the 3′ end of 12S rRNA and this modification is essential for biogenesis of the small ribosomal subunit (23) .
Here, we describe the structure of a heterodimeric complex between MTERF4 and NSUN4 at 2.9 Å resolution. MTERF4 consists of repeated MTERF-motifs and its carboxyl-terminal domain binds NSUN4 through conserved polar and hydrophobic interactions. There is a positively charged RNA binding path along the concave and convex sides of MTERF4 that extends into the active site of NSUN4, where SAM is present in a conserved RNA m5C MTase active site. MTERF4 is thus likely to provide the sequence-specific RNA binding domain necessary for specific rRNA methylation by NSUN4. This unique function for a member of the large MTERF family of proteins makes it likely that at least some of the many homologs in plants and metazoans have similar functions.
Results and Discussion
Crystallization and Structure Determination. The protein complex of the mature, intramitochondrial forms of human MTERF4 (residues 48-381) and NSUN4 (residues 26-384) was purified and crystallized. The structure was determined by experimental phasing and the final model was refined to an R free of 24.6%, calculated to 2.9 Å resolution (Table S1 ). The crystal contains four MTERF4-NSUN4 complexes per asymmetric unit, with a rmsd of 0.62 Å and 0.22 Å for MTERF4 and NSUN4, respectively; thus, there are no significant conformational variations between the four complexes within the asymmetric unit. The overall complex structure has an elongated shape with the dimension 45 × 47 × 122 Å (Fig. 1A) . Upon solving the structure, it was apparent that the methyl donor SAM from the Escherichia coli overexpression host was bound in the active site (Fig. 1B) .
Overall Structure of MTERF4. MTERF4 is an all α-helical protein that adopts a half-doughnut shape with a right-handed superhelical twist (Fig. 1A) . The MTERF4 structure (residues 83-327) is composed of a total of six MTERF motifs comprising 18 α-helices that form four central MTERF-motifs, flanked by additional, partial MTERF-motifs at each terminus. In the N-terminal partial MTERF-motif, the third helix is missing, and in the C-terminal partial MTERF-motif, the middle helix is replaced by a long loop stretching out from the convex side of the protein. In addition to the MTERF motifs, MTERF4 contains two more α-helices at the C-terminus where the last helix (α18) makes an opposite turn, thus ending the half-doughnut shape. Residues 48-82 at the N terminus and residues 328-381 at the C terminus could not be modeled due to the weak electron density in these regions.
Structural Comparison of MTERF4 to Other MTERFs. The only structures showing significant structural similarity to the present MTERF4 structure were MTERF1 (13, 14) and MTERF3 (15) . A structure-based sequence alignment (Fig. S1A) showed an evenly distributed conservation at the center of the proteins. In contrast, the N termini were highly divergent and the C-termini displayed similarity only between MTERF4 and MTERF3. A superposition of MTERF4 with MTERF3 gave an rmsd value of 3.21 Å using 186 Cα atoms ( Fig. 2A) , whereas MTERF1 gave an rmsd value of 3.37 Å using 167 Cα atoms (Fig. 2B) . The similarities were most pronounced at the central part of the protein with larger deviations at the terminals. At the N-terminus, MTERF-motif 2 is shifted about 14 Å compared with MTERF1 and MTERF3 (Fig. 2C) . The effect is a straighter path for the protein that breaks the half-doughnut shape created by the other MTERF motifs. There is a more pronounced curved shape of MTERF1 bound to DNA compared with apo-MTERF3 and apo-MTERF4 (Fig. 2B) . However, it is probable that MTERF4 and MTERF3 will also obtain an increased curvature when bound to their respective putative RNA or DNA substrate, possibly displaying a nucleic acid-protein mutually induced fit (24) . Furthermore, in contrast to MTERF1, both MTERF3 and MTERF4 have a loop instead of the central helix in MTERFmotif 7. Many important MTERF4-NSUN4 interface-forming residues are located in α18 of MTERF4 (Fig. 3 B and C) . Interestingly, of those, only F316 is conserved in MTERF3 (Fig. S1A) , whereas this helix is completely missing in MTERF1 (Fig. 2D and  Fig. S1A) ; this finding would explain why MTERF4, and not other MTERFs, can recruit NSUN4 to the large ribosomal subunit in mitochondria. However, as MTERF3 also displays an α18 helix in a similar conformation as in MTERF4, it is possible that MTERF3 could form a complex with an unknown protein in a similar fashion as in the MTERF4-NSUN4 complex presented here.
Overall Structure of NSUN4. NSUN4 contains a typical RNA m5C MTase core domain and lacks variable N-or C-terminal extensions common for RNA recognition in other RNA m5C MTases (18, 19, 25) (Fig. 1A) . NSUN4 (residues 39-384) is composed of 16 α-helices and 12 β-strands, where both α-helices and β-strands contribute to build up an active site cleft. The adenine ring of bound SAM is positioned in a mainly hydrophobic pocket with additional polar contacts to G238 and D237 (Fig. 1B) . The ribose hydroxyl groups form hydrogen bonds to D204 and R209, whereas the methionine amino group forms contacts to the carbonyl group of C181 and D255. Furthermore, the carboxyl group of SAM is bound in a strongly basic pocket formed by the backbone amides of G185, G186, K187, and the N Z of K187. The SAM donor methyl points toward the open cleft where two loops comprising the conserved cysteine residues C258 and C310 are located. These cysteines are important for the methyl transfer mechanism from SAM to the incoming RNA (17, 19) . In this context, C310 in NSUN4 serves as a catalytic nucleophile, whereas C258 eases product release from the covalent enzyme-RNA intermediate.
Structural
Comparison of NSUN4 to Other RNA m5C MTases. A search for structural homologs to NSUN4 using Dali (26) revealed significant matches to other RNA m5C MTases (18, 19, 25) , thus enabling a structural-based sequence alignment between NSUN4 and the E. coli structural homologs RsmF and RsmB, as well as RsmF from Thermus thermophilus (TTH) (Fig. S1B) . The highest sequence similarity was found at the central part of the protein, especially around the SAM binding active site. The structure database search also revealed similarity to human NSUN5 that belongs to the same family as NSUN4, although with a lower Zscore than for RsmF and RsmB (Table S2) . We superimposed the structure of NSUN4 with RsmF and RsmB (Fig. 2 E-G) . The rmsd for the structural superimpositions are 1.9 Å using 243 Cα atoms in RsmF from E. coli, 2.0 Å using 254 Cα atoms in RsmF from TTH, and 2.1 Å using 244 Cα atoms in RsmB from E. coli (18, 19, 25) . In contrast to NSUN4, RsmF and RsmB contain RNA binding domains, which are located in different positions (Fig. 2 F and G) . In contrast to RsmF, the RNA-binding domain of RsmB is in a similar location as MTERF4 in the MTERF4-NSUN4 complex (Fig. 2 E-G) . Furthermore, the RNA-binding motif in RsmB is all α-helical as in MTERF4, and consists of two repeats that each contains four α-helices that can be structurally aligned. However, the arrangement of the α-helical repeats is entirely different in RsmB compared with MTERF4. In the active site, SAM and the conserved cysteins important for the methylation mechanism are almost in identical positions in NSUN4 compared with RsmF and RsmB (Fig. S2) . The observation that an RNA recognition domain and an RNA m5C MTase catalytic domain are located in different proteins is not unique to the MTERF4-NSUN4 complex. Nop8p, a nuclear RNA m5C MTase homolog to NSUN4 in yeast, forms a complex with Nip7p that is essential for substrate recognition. Nip7p contains a pseudouridine synthase and archaeosine transglycosylase-domain that aids recruitment of Nop8p to the 27S ribosomal subunit. This recruitment is crucial for assembly of the 60S ribosome (21, 22) .
MTERF4-NSUN4 Binding Interface. Both hydrophobic and polar interactions build up the MTERF4-NSUN4 binding interface (Fig. 3 A-C and Table S3 ). The MTERF4-NSUN4 interface buries 1,380 Å 2 of solvent-accessible surface area, in line with what is expected for a heterocomplex of this size (27) .
The C-terminal part of the MTERF4 protein, primarily α18, interacts with NSUN4. In contrast, the distribution of interfaceforming residues of NSUN4 is broader, stretching all of the way from α2 to the loop between β11 and β12. Four polar residues-E311, E312, R322, and E326-at both ends of α18 in MTERF4 form hydrogen bonds to R136, N367, E70, and R141 in NSUN4 (Fig. 3 B and C) . In addition, a hydrogen bond is formed between R270 of MTERF4 and S69 of NSUN4. The central part of α18 in MTERF4 further contributes to interface stability through a number of hydrophobic residues building up a hydrophobic interface between the proteins (Fig. 3 B and C and Table S3 ). An additional hydrophobic interface is formed between α15 of MTERF4 and α2 of NSUN4. In NSUN4 and MTERF4, the hydrophilic interaction patches form a triangle with a central hydrophobic area in between (Fig. 3C) . The majority of the interface-forming residues are conserved (Fig. 3C, Fig. S3 , and Table S4 ), and in cases where residues are not conserved there are compensatory substitutions on the partner interface, indicating at least some level of coevolution. Interestingly, the key residue of this interface, L271, and the immediate sequence following it are conserved in MTERF3 (Fig. S1A) . Along with the homology in the conformation and key sequence elements in α18, these findings point further toward a possible similarity in function between MTERF3 and MTERF4.
To validate the MTERF4-NSUN4 interface found in the crystal structure, we introduced four point mutations in NSUN4 to see if we could break the interaction with MTERF4. We selected two hydrophobic residues (V65R and I139R) and two polar residues (R136A and R141A), because both types clearly contribute to the interaction. The mutated NSUN4 (NSUN4mut) or NSUN4 was added to MTERF4 and subjected to gel filtration. MTERF4-NSUN4 forms a stoichiometric complex that migrate together over the gel-filtration column (Fig. 3D, Upper) . In contrast, NSUN4mut cannot bind MTERF4, which instead forms an apparent homodimer. Thus, MTERF4 and NSUN4mut migrate in base-line separated peaks (Fig. 3D, Lower) , meaning that the interface we observe in our heterocomplex crystal structure is genuine.
Front
Side Back RNA Binding Surface. The MTERF4-NSUN4 complex displays a highly asymmetrical surface charge distribution (Fig. 4) . The backside of NSUN4 is widely negatively charged and has the same orientation as the strongly positively charged concave side of MTERF4 (Fig. 4, Right) . The positively charged surface forms a path along MTERF4 that continues on the side (Fig. 4, Center) all of the way around to the convex side of the protein (Fig. 4, Left) . There, the path continues along MTERF4, reaching the front side of NSUN4, where it approaches the SAM-bound active site. Thus, both proteins contribute to the highly positively charged path. We interpret the positively charged surface along the MTERF4-NSUN4 complex as a very likely RNA binding path. It is conceivable that MTERF4 contacts a sequentially different part of rRNA than NSUN4 does and thereby works to position NSUN4 at the site of modification. This finding is similar to what was recently observed in the EM structure of KsgA from E. coli bound on the 30S subunit (28) . In that case, the N-and C-terminal domains contact sequentially distant parts of rRNA. Interestingly, only the beginning of the acidic C-terminal tail in MTERF4 is visible in the structure: it is located in a position where it could prevent the RNA from taking the wrong direction or even help push it into the active site.
Conclusions
The presented structure of the MTERF4-NSUN4 complex at 2.9 Å resolution demonstrates that specific hydrophobic and polar residues in both proteins hold the complex together. The observation that the mutation of four of these interacting residues completely disrupts complex formation on size-exclusion chromatography validates the structural predictions on how MTERF4 and NSUN4 interact. In addition, bioinformatic analyses show high conservation of the hydrophobic and polar residues at the subunit interface, thus further validating the mechanism for complex formation. Strikingly, there is a long positively charged path on the surface of the structure, which extends from the concave to the convex side of MTERF4 and then further along NSUN4 into the catalytic site where SAM is bound. This path likely represents the RNA binding capacity necessary to accomplish specific m5C modification of mitochondrial rRNA of the large mitochondrial ribosomal subunit. The structure not only reveals a molecular basis for the highly conserved function of MTERF4 in ribosomal biogenesis, but also predicts that more members of the large MTERF family in plants and metazoans may have a similar function, especially because carboxyl-terminal sequence features similar to the ones found in MTERF4 are present in several members.
Methods
Cloning and Purification of the MTERF4-NSUN4 Complex. Recombinant MTERF4 and NSUN4 were heterologously coexpressed and purified as detailed in SI Methods.
Mutation Analysis of the MTERF4-NSUN4 Interface. Four point mutations, V65R, R136A, I139R, R141A, were introduced in NSUN4 by site directed mutagenesis. The mutated form of NSUN4, native NSUN4 and MTERF4 were expressed, purified and subjected to gel filtration, as specified in SI Methods.
Crystallization and Structure Solution. Native and selenomethionine (Se-Met) crystals of the MTERF4-NSUN4 complex were grown by the hanging-drop vapor-diffusion method in a condition specified in SI Methods. A Ta 6 Br 12 derivatized crystal and two Se-Met containing crystals were used to collect anomalous data to solve the structure with multiple isomorphous replacement. Details of phasing, model building, and refinement are provided in SI Methods and statistics are listed in Table S1 .
